Abstract-In rat aortic strips loaded
Recently, fluorescent dyes have become available to measure the change in cytosolic Ca2+ concentrations in various biological preparations.
This technique has been applied to isolated or cultured smooth muscle cells (1-7) and also to smooth muscle strips (8, 9). However, smooth muscle possesses a large amount of NADH fluorescence which has similar excitation and emission charac teristics as those of quin 2 and fura 2. The excitation peaks of NADH, quin 2 and fura 2 are 340 nm, 339 nm and 335 nm, respec tively, and the emission peaks are 465 nm, 492 nm and 505 nm, respectively. Further, the amount of this autofluorescence changes in correlation with the mechanical activity (10). Such an autofluorescence may interfere with the Ca2+ measurement using these fluo rescent dyes. I n the present study, we have examined the changes in the autofluorescence and the fura 2-Ca2+ fluorescence in vascular smooth muscle strips and report our method for measuring the Ca 21 signal simultaneously with muscle contraction.
Experiments were performed with a fluorimeter specially designed to measure the surface fluorescence of living tissues (CAF 100, Japan Spectroscopic). The excitation light was obtained from a xenon high pressure lamp (75 W) equipped with a rotating filter wheel (48 Hz) containing 340 and 380 nm (±5.5 nm) interference filters. The ratio of the fluorescence due to excitation at 340 nm to that at 380 nm was calculated from successive illumination periods. The muscle strip was held in a temperature controlled, 7 ml volume organ bath. One end of the muscle strip was connected to a strain gauge transducer. The emitted light from the muscle strip was collected to a photomultiplier through a 500 nm (±10.0 nm) bandpass filter. The time constant of the optical channels was 0.25 sec.
The thoracic aorta was isolated from male Wistar rats (250-300 g) and cut into spiral strips (2 mm width and 7 mm length). Physiological salt solution (PSS) contained (in mM) NaCI, 136.9; KCI, 5.4; CaCl2, 1.5; MgCl2, 1.0; HEPES, 20; EDTA, 0.01; and glucose, 5.5. The solution was continuously bubbled with 100% 02 at 37°C and pH 7.4. High K+ solution was made by substituting 70 mM NaCI with equimolar KCI. External free Ca2+ concentration was reduced by adding 4 mM EGTA and Tris-base. In order to eliminate the possible quenching effect of endogenous heavy metal ions, N,N,N',N'-tetrakis (2 pyridilmethyl) ethylenediamine (TPEN, Dojin, 10 ,eM) was added to all the solutions (11). Fura 2 was loaded by a method similar to that described by Poenie et al. (12) . Briefly, muscle strips were treated with 5 uM acetoxymethyl ester of fura 2 (fura 2/AM, Dojin) and bovine serum albumin (3 mg/ml) for 3 hr at room temperature. Cremophor EL (BASF Japan, 0.25%), a non-cytotoxic de tergent, was added to increase the solubility of fura 2/AM.
In the first series of experiments, tissue without fura 2-loading was exposed to either 340 and 380 nm light, and 500 nm emission was measured to examine the changes in autofluorescence. The signals induced by either 340 or 380 nm excitation increased upon the addition of K+ (70 mM) or noradrenaline (1 ,aM) by approximately 5% of the resting autofluorescence (Fig. 1) . The increase in the autofluorescence was detected 1-2 sec after the beginning of the high K+ induced contraction or 3-5 sec after the beginning of noradrenaline-induced con traction. The rate of increase in the auto fluorescence due to noradrenaline was slightly slower than that due to high K+. However, neither high K+ nor noradrenaline changed the ratio of the fluorescence due to excitation at 340 and 380 nm (340/380 nm ratio).
After the fura 2-loading, the fluorescence of the resting muscle strips increased by 2-3 fold over that in the fura 2-unloaded muscle strips. As shown in Fig. 2 , the baseline fluorescence induced by either 340 or 380 nm excitation showed a slow and steady decrease. This decrease may be due to gradual loss of fura 2 and/or uncleaved fura 2/AM from smooth muscle tissue. Figure 2A shows that addition of 4 mM EGTA (with 2 mM Tris-base) decreased the 340 nm fluorescence and increased 380 nm fluorescence with a slight decrease in resting tension. As shown in Fig. 213, fluorescence produced by 340 nm excitation increased and fluorescence by 380 nm excitation decreased upon the addition of high K+ (70 mM). The increment in the fluo rescence by 340 nm excitation was about 10% of the resting autofluorescence in the muscle after fura 2-loading (and hence 20-30% of the resting fluorescence without fura 2-loading). As shown in Fig. 2C , low concentration (0.1 itM) of noradrenaline caused a slow increase Fig. 1 . Typical recording of autofluorescence and force development simultaneously measured in the same strip of rat aorta (without fura 2-loading) stimulated by 70 mM KCI and 1 pM noradrenaline (NA). Muscle was excited at 340 nm or 380 nm and the emission at 500 nm was monitored.
The 340/380 nm ratio is also shown. The vertical bars present the percent change in fluorescence taking the fluorescence without excitation as 0% and that with 340 nm or 380 nm excitation in resting muscle as 100%.
in the fluorescence by 340 nm excitation. Addition of higher concentration (1 M) of noradrenaline caused a rapid increase in the fluorescence by 340 nm excitation which then fell by about 20% during the sustained contraction.
Opposite changes with similar time courses were induced in the fluores cence by 380 nm excitation. The onset of force after the application of high K+ or noradrenaline was 1-2 sec slower than the onset of the fluorescent change. The rate of increase in the fluorescence was also faster than that of the force development. Applica tion of 4 mM EGTA to the pre-contracted tissue by high K+ (70 mM) or noradrenaline (1 /tM) decreased the fluorescence by 340 nm excitation below the resting level. Changes in opposite direction with similar time courses were observed in the fluorescence by 380 nm excitation ( Fig. 2B and C) . The offset of the force occurred 3-5 sec after the decrease in the fluorescence. The rate of decrease in the fluorescence was also much faster than that of the mechanical activity.
The newly synthesized fluorescent dye fura 2 has at least two advantages as compared with quin 2 (13): (i) Fura 2 has about a six fold higher excitation coefficient and a five fold greater quantum efficiency than quin 2, so that a given intensity of fluorescence is about thirty times greater. (ii) Fura 2 shifts its excitation wave length from 380 to 340 nm upon binding Cat'. The shift of the excitation peak helps us to check the possible con tamination of NADH fluorescence in the fura 2-Ca2+ signals. The 340/380 nm ratio is also shown. The vertical bars present change in fluorescence without excitation as 0% and that with 340 nm or 380 nm excitation in resting muscle as 100%, which is two to three times greater than the autofluorescence in the fura 2-unloaded muscle in Fig. 1 .
Upon the addition of high K+ or nor adrenaline to the strip of aorta, the fluores cence by 340 nm excitation increased and the fluorescence by 380 nm excitation decreased. Further, the changes in fluorescence preceded the change in muscle tension. These results strongly indicate that the fluorescent signal of fury 2-loaded muscle is indicative of cytosolic free Ca2+ levels. The fura 2-Ca2+ signals are different from the NADH fluorescence which was observed in the fura 2-unloaded muscle regarding the rate of increase in the fluores cence, the direction of the change in the fluorescence by 380 nm excitation and the change in the 340/380 nm ratio.
Stimulation of the muscle with high K+ increased fluorescence which lasted as long as contractile force is maintained. In contrast to this, stimulation with noradrenaline in creased the fluorescence which declined by about 20% of the maximum, while the con traction was maintained. These observations are not consistent with the previous obser vations showing that receptor-agonists caused a rapid increase in cytosolic Ca2+ concentration which then declined to a very low level using aequorin in ferret portal vein (14), using quin 2 in dispersed toad stomach cells (6) and in dispersed porcine coronary arterial cells (8) and using fura 2 in cultured aortic smooth muscle cells of rats (7). This discrepancy may be, at least partly, attribu table to tissue differences (our unpublished observation).
facts, this ratio is still useful since the decrease in the intensity of fluorescence (Fig. 2 , dashed lines) is corrected by calculating this ratio.
